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Abstract. We report on the main results obtained thanks to an observation campaign
with XMM–Newton of four persistent, low–luminosity (LX ∼ 1034 erg s−1) and long–
period (P > 200 s) Be accreting pulsars. We found that all sources considered here are
characterized by a spectral excess that can be described with a blackbody component
of high temperature (kTBB > 1 keV) and small area (RBB < 0.5 km). We show that: 1)
this feature is a common property of several low–luminosity X–ray binaries; 2) for most
sources the blackbody parameters (radius and temperature) are within a narrow range
of values; 3) it can be interpreted as emission from the NS polar caps.
Key words: X–rays: binaries – accretion, accretion disks – stars: emission line, Be –
stars: pulsars: individual: X Persei, LS I +61 235, LS V +44 17, LS 1698 – X–rays:
individual: 4U 0352+309, RX J0146.9+6121, RX J0440.9+4431, RX J1037.5–5647
1. Introduction
Most of the X–ray binary pulsars (XBPs) are high mass X–ray binaries
(HMXRBs), in which a neutron star (NS) with magnetic field B ∼ 1012 G is
accreting matter from a high–mass early–type star (either an OB supergiant
or a Be star). They can be persistent sources, with luminosities in excess of
1034 erg s−1, or transient sources, characterized by quiescent phases with
emission around 1034 erg s−1 or less, occasionally interrupted by bright
outbursts reaching LX ∼ 10
36−38 erg s−1 (Negueruela, 1998; Reig, 2007;
Sidoli, 2010).
In these sources the X–ray spectrum between 0.1 and 10 keV is usually
described by a rather flat power law, with a photon index Γ ∼ 1, but several
XBPs have shown a marked ‘soft’ X–ray excess above the main power–law
component (see La Palombara and Mereghetti, 2006, for a review). This
excess is well described by a thermal emission model (either a blackbody,
bremsstrahlung, or hot plasma emission) with low temperature (kTSE < 0.5
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keV) and large emission area (RSE larger than a few hundreds km). Only
in a few cases this low–energy component has shown coherent pulsations,
therefore the debate about its origin remains open.
Here we report on the results we obtained with XMM–Newton observa-
tions of the four persistent Be pulsars originally identified by Reig and Roche
(1999), i.e. RX J0146.9+6121/LS I +61 235 (La Palombara and Mereghetti,
2006), 4U 0352+309/X Persei (La Palombara and Mereghetti, 2007), RX
J1037.5-5647/LS 1698 (La Palombara et al., 2009), and RX J0440.9+4431/
LS V +44 17 (La Palombara et al., 2012); their main parameters are re-
ported in Table I. These sources have persistently low luminosity (LX ∼
10
34−35 erg s−1) and long pulse period (P > 200 s), two properties which
suggest that the NS orbits the Be star in a wide and nearly circular orbit,
continuously accreting material from the low–density outer regions of the
circumstellar envelope.
2. The hot–blackbody spectral excess in persistent Be pulsars
The XMM–Newton spectra of the persistent Be pulsars of our sample can-
not be described with a single-component model: the fits with a power-law
(PL) or a blackbody (BB) model are affected by large residuals, while other
models (e.g. thermal bremsstrahlung or disk blackbody) are rejected by the
data. On the other hand, a good fit is obtained with a PL+BB model. In all
cases the BB component is characterized by a high temperature (kTBB > 1.5
keV) and a small emission radius (RBB < 0.5 km), and contributes to 30–40
% of the source flux below 10 keV (Table I): therefore this hot–blackbody
spectral component can be considered as an additional common property of
the persistent Be XBPs, which stands beside those previously known.
On the bases of our results and the emission models proposed by Hickox et al.
(2004), it makes sense to attribute the observed hot–blackbody spectral ex-
cess to the thermal emission from the NS polar caps. To verify this hypoth-
esis, we assume that the sources are in the ‘accretor’ state, with matter
accretion onto the NS surface. Adopting the typical NS parameters MNS
= 1.4 M⊙, RNS = 10
6 cm, and BNS = 10
12 G, from the source luminos-
ity LX we estimate the accretion rate M˙ = [LXRNS]/[GMNS], the mag-
netic dipole momentum µ = BNSR
3
NS/2, the magnetospheric radius Rm =
[µ4/[2GMM˙2]1/7 (Campana et al., 1998), and then the accretion column
radius Rcol ∼ RNS (RNS/Rm)
0.5 (Hickox et al., 2004), which is an estimate
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Table I: Main parameters of the persistent Be X–ray binaries
Source X Persei LS I +61 235 LS 1698 LS V +44 17
Spectral Type 09.5 IIIe B0 IIIe B0 III-Ve B0.2 Ve
Distance (kpc) ≃ 1 ≃ 2.5 ≃ 5 ≃ 3.3
Pulse Period (s) 839.3 1396.1 853.4 204.98
LaX 13.4 ± 0.1 1.45
+0.03
−0.02 1.15 ± 0.04 7.09
+0.09
−0.08
LbBB 52
+3
−1 3.5
+0.4
−0.3 4.9
+0.9
−0.8 28
+1
−2
LBB/LX (%) 39
+2
−1 24
+3
−2 43
+8
−7 39 ± 2
TBB (keV) 1.42 ± 0.03 1.11 ± 0.06 1.26
+0.16
−0.09 1.34 ± 0.04
RBB (m) 361 ± 3 140 ± 15 128
+13
−21 273 ± 16
Rcol (m) ∼ 330 ∼ 230 ∼ 200 ∼ 320
a in units of 1034 erg s−1, in the energy range 0.3–10 keV
b in units of 1033 erg s−1, in the energy range 0.3–10 keV
of the expected size of the polar cap. For each of the four persistent Be
X–ray binaries we found that the estimated column radius is remarkably
similar to the estimated blackbody emitting radius, a result which strongly
supports the idea of a polar–cap origin for the observed BB emission (see
Table I).
3. Comparison with other HMXRBs
A spectral feature similar to the hot BB of the persistent Be pulsars has
been observed also in other low–luminosity (LX ≤ 10
36 erg s−1) HMXRBs
(see La Palombara et al., 2012, and references therein). In Fig. 1, we report
the best–fit radius and temperature for the BB component of these sources,
together with lines showing four different levels of the blackbody luminosity;
each source is displayed with a specific symbol (for some source more than
one set of values is shown, corresponding to different observations or flux
levels). In most cases, the spectral parameters are within a narrow range of
values, i.e. kTBB ∼ 1–2 keV and RBB < 200 m. We emphasize that, in all
these cases, the estimated total source X–ray luminosity is ∼ 1034 erg s−1,
with a 20–40 % contribution of the blackbody component.
Cent. Eur. Astrophys. Bull. 37 (2018) 1, 277–282 3
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Figure 1: Best–fit values for radius and temperature of the BB component observed
in the case of RX J0440.9+4431 (0), RX J1037.5-5647 (1,2), 4U 0352+309 (3,4), 3A
0535+262 (5), RX J0146.9+6121 (6), 4U 2206+54 (7,8,9), SAX J2103.5+4545 (10),
IGR J11215-5292 (11), IGR J08408-4503 (12), XTE J1739-302 (13), and SXP 1062
(14). The figure shows that, in most cases, the spectral parameters are within a nar-
row range of values, i.e. kTBB ∼ 1–2 keV and RBB < 200 m. The solid lines connect
the blackbody parameters corresponding to four different levels of luminosity (in units
of erg s−1). References: 0 - La Palombara et al. (2012); 1- La Palombara et al. (2009);
2 - Reig and Roche (1999); 3 - Coburn et al. (2001); 4 - La Palombara and Mereghetti
(2007); 5 - Mukherjee and Paul (2005); 6 - La Palombara and Mereghetti (2006); 7 -
Masetti et al. (2004); 8 - Torrejón et al. (2004); 9 - Reig et al. (2009); 10 - İnam et al.
(2004); 11 - Sidoli et al. (2007); 12 - Sidoli et al. (2009); 13 - Bozzo et al. (2010); 14 -
Hénault-Brunet et al. (2012).
In contrast to this sample of sources, several XBPs are characterized by
a soft excess, since the fit of this component with a thermal emission model
provides low temperatures (kTSE < 0.5 keV) and large emitting regions
(RSE > 100 km). In Fig. 2, we report the luminosity and pulse period of
both types of XBPs: the soft excess and the hot BB ones are reported as
squares and circles, respectively. On the basis of their distribution in the
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Figure 2: X–ray luminosity (in the 2–10 keV energy range) of the XBPs with a detected
thermal excess as a function of the pulse period. The empty circles are referred to the
hot BB pulsars, while the empty squares refer to the soft excess sources.
P − LX diagram, these pulsars are divided into two distinct groups: the
sources in the first group are characterized by high luminosity (LX ≥ 10
37
erg s−1) and short pulse period (P < 100 s), and in most cases they are in
close binary systems with an accretion disk; those in the second group have
low luminosities (LX ≤ 10
36 erg s−1) and long pulse periods (P > 100 s),
since they have wide orbits and are wind–fed systems. While all the pulsars
in the first group have a soft excess, both types of pulsars are present in the
second group; in this case there is no clear separation between the two types
of pulsars, since there is a partial overlap between the soft excess and the
hot BB ones. However, the hot BB pulsars are the ones that, on average,
are characterized by the lowest luminosities and the longest periods. This
suggests that the hot BB spectral component is a common feature of the
low–luminosity and long–period XBPs.
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